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ABSTRACT (Maximum 200 words)
We have pursued a vigorous program of experimental and theoretical research on a novel method of frequency division based on an optical parametric oscillator (OPO).
C
We have successfully demonstrated optical frequency division in a nearly degenerate C KTP OPO that is highly efficient and tunable. The difference frequency of the two subharmonic outputs of the OPO was phase locked to a 12-GHz microwave source with a residual phase noise spectral density of 0.3 mrad/V ¶-H-. More recently the use of a THz optical frequency comb permitted the OPO to be phase locked at a difference frequency of 665 GHz. We have studied a number of potential applications including optical frequency counting for frequency standards and multi-THz optical frequency comb generation for optical communications.
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GENERAL INSTRUCTIONS FOR COMPLETING SF 298
The Report Documentation Page (RDP) is used in announcing and cataloging reports. It is important that this information be consistent with the rest of the report, particularly the cover and title page Instructions for filling in each block of the form follow It is important to stay within the lines to meet optical scanning requirements. 1 Statement of Work A novel method of optical frequency division has been proposed based on optical parametric oscillation in a nonlinear crystal. The scheme converts with high efficiency an input pump into two intense, coherent subharmonic outputs whose frequencies are tunable and whose sum frequency equals the pump frequency. By locking the difference frequency of the outputs to a microwave frequency source, the output frequencies are precisely determined, and the optical parametric oscillator (OPO) functions as a frequency divider. OPO-dividers can be operated in series or in parallel to measure, compare, and synthesize frequencies from optical to microwave, with high precision and resolution. Potential applications of OPO-dividers include optical frequency standards, precision measurements, fiber-based and satellite optical communications. The main focus of this work has been to demonstrate a working optical frequency divider and apply it to the precise measurement and comparison of optical frequencies.
Research Summary
Under ARO Grant DAAL03-90-G-0128 "Optical Frequency Division using an Optical Parametric Oscillator," we have pursued a vigorous program of experimental and theoretical research on optical frequency division and its applications. In this final report on that grant we shall only sunmnarize the principal results that we have obtained.
Complete details can be found in the journal articles and meeting presentations that have been produced during the course of our research program.
Phase-locked Optical Parametric Oscillator
We have developed a cw optical parametric oscillator (OPO) that is highly stable and tunable over several THz [1, 2] . Continuous frequency tuning capability was enabled by fast electro-optic tuning and slow thermal tuning. Single-mode operation was obtained even in the free-running mode due to improved mechanical stability of our OPO cavity. We reported in [1, 2] the first demonstration of tunable optical frequency division based on optical parametric oscillation [3] . The signal-idler beat frequency of our potassium titanyl phosphate (KTP) OPO was phase locked to a 12-GHz microwave frequency source with excellent signal-to-noise ratio. The residual phase noise was measured to have a power spectral density of -'0.3 mrad/ViIR. Because the beat frequency was controlled by a frequency synthesizer, the phase-locked outputs could be frequency tuned precisely.
More recently, we have achieved phase locking of our KTP OPO at a difference frequency of 665 GHz [4] . This was accomplished by generating a 2-THz optical frequency comb from the idler input and phase locking the beat between the signal and the 39th sideband of the comb. The optical frequency comb was obtained using a resonant electro-optic modulator driven with a 17-GHz modulation source. This 3 high-frequency capability makes possible precision difference-frequency measurements in the THz range. Also, the OPO can be used as a dual-frequency tunable optical source for the optical generation of terahertz radiation.
Optical Frequency Counting and Synthesis
In [51 we have proposed a new method of performing high-precision, high-accuracy optical frequency counting and synthesis fron the UV to the near-IR. The basic concept is to phase lock a parallel array of OPO frequency dividers to form an ultrawide-span optical frequency comb. By generating the subharmonic frequencies (2/3)fp and
(1/2)fp, where fp is the pump frequency, and measuring their frequency spacing with additional OPO's, the entire frequency comb can be calibrated relative to the cesium microwave frequency standard. As a result any optical frequency within this optical frequency comb can be measured using a single apparatus with accuracy limited only by the cesium clock. This is potentially useful for optical frequency standards, ultrahigh precision measurements, space-based optical communication networks such as global positioning system (GPS).
Other Applications
We explored in [6] We have also investigated the use of a dual-cavity OPO for the detection of gravity waves [7] . By using an OPO in which the signal and idler beams are internally separated to traverse orthogonal optical paths and measuring the phase of their beat frequency, we have shown that it has the same sensitivity of the usual laser-based gravity wave antenna. The nonresonant nature of parametric oscillation in a nonlinear crystal implies that the system can have very low losses and a very high cavity finesse can be maintained. Heterodyne measurements reduce the effects of certain technical noise sources that have a high noise content at low frequencies. Also, the sensitivity of the OPO phase noise on the pump laser phase noise is found to be much reduced and therefore the pump laser frequency stability requirement is less severe. A less ambitious application for a dual-cavity OPO is that of a high sensitivity strain gauge for measuring differential length variations.
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